Crystalline boron nanowires were produced through post-annealing amorphous boron nanowires synthesized by rf magnetron sputtering. High-resolution transmission electron microscopy was used to characterize the microstructure of the crystalline boron nanowires. Selected-area electron diffraction studies showed that the crystalline boron nanowires belong to a rhombohedral structure ͑␤-boron͒, with lattice parameters of aϭ10.95 Å and cϭ23.82 Å. Electron energy-loss spectroscopy was used to characterize the chemical composition of the boron nanowires.
One-dimensional nanostructures have stimulated great interest and research because of their potential fundamental characteristics and practical applications in areas such as materials science, chemistry, physics, and engineering.
1,2 Some studies [3] [4] [5] [6] [7] have focused on the preparation and characterization of one-dimensional nanometer-sized materials, while the others [8] [9] [10] [11] [12] intended to develop techniques for the manipulation of nanotubes and nanowires. Boron has the most varied polymorphism of any of the elements in the Periodic table. Recent theoretical studies 13, 14 have suggested the existence of novel layered, tubular, and fullerene-like boron solids built from elemental subunits. They may be expected to be very good conductors, much better than carbon nanotubes, with potential applications in the field-emission and high-temperature light materials. Cao et al. 15 reported the synthesis of well-aligned straight amorphous boron nanowires. Additionally, Otten et al. 16 reported the synthesis of crystalline boron nanowires by chemical vapor deposition. In this letter, we report the synthesis of crystalline boron nanowires through the post-annealing of amorphous boron nanowires produced by magnetron sputtering.
Radio-frequency magnetron sputtering was employed to prepare the well-aligned amorphous boron nanowires. The target was a 6-cm-diameter plate, consisting of pure boron powder ͑purity 99.9%͒ and highly pure B 2 O 3 powder ͑purity 99.999%; 40% in weight͒. The detailed growth procedure for the amorphous boron nanowires is described in Ref. 15 . After it was observed through scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒ that well-aligned amorphous boron nanowires were synthesized, we adopted the following post-annealing method to crystallize the amorphous boron nanowires. First, the as-prepared amorphous boron nanowires were peeled from the silicon substrate and sealed into a Ta tube under Ar gas. Second, the Ta tube was further sealed in a quartz tube under a high vacuum, put into a furnace, and heated up to 1050°C for 3 h. Third, the quartz tube was removed from the furnace and quenched to room temperature. The specimens for the TEM studies were prepared by peeling off some products, dispersing the particles in alcohol by ultrasonic treatment, and dropping onto a holey carbon film supported on a copper grid.
A S-4200 SEM was used for the morphological observation of the well-aligned boron nanowires produced by magnetron sputtering. A Philips CM200-FEG TEM equipped with a Gatan Imaging Filter ͑model 678͒ was employed for selected-area electron diffraction ͑SAED͒, high-resolution transmission electron microscopy ͑HRTEM͒ and electron energy-loss spectroscopy ͑EELS͒ studies. The EELS spectra were acquired in the image mode with a half collection angle of ϳ13 mrad. Figure 1͑a͒ shows a high-magnification SEM image of the well-aligned boron nanowires produced by magnetron sputtering. It can be seen from this image that the boron nanowires ͑with diameters around 30-60 nm͒ have a smooth surface and are straight along the axis. Figure 1͑b͒ shows an HRTEM image of a single boron nanowire with a solid core. No crystalline fringes can be identified in the HRTEM image at the lattice-resolved scale. This indicates that the boron nanowires are amorphous. The SAED pattern ͓Fig. 1͑b͒, inset͔ from the nanowires, which only shows some diffuse rings, confirms that the boron nanowires are completely amorphous. The EELS results showed that there is small amount of oxygen in the amorphous boron nanowires. Elemental mapping studies 17 of boron and oxygen showed boron is mainly present in the core, while oxygen is mainly located in the outer layer ͑1-2 nm͒ of the amorphous boron nanowires.
Low-magnification TEM observation of the products ͑af-ter post-annealing͒ showed that the crystalline boron nanowires are 15-60 nm in diameter. The HRTEM image of a single crystalline boron nanowire is shown in Fig. 2͑a͒ . It can be seen clearly from Fig. 2͑a͒ that this crystalline boron nanowire is sheathed by an amorphous outer layer. Our HRTEM observations indicated that the crystalline boron nanowires ͑with different diameters͒ are all covered with a similar amorphous outer layer ͑about 2 nm͒. We believe that the amorphous outer layer is an oxide sheath that forms when the crystalline boron nanowires are exposed to air after post-annealing. This is consistent with previous results reported by other groups. 18 In order to show the microstructure of the single crystalline boron nanowire ͓shown in Fig. 2͑a͔͒ more clearly, HR-TEM images were taken from the middle part of the nanowire at a higher magnification. Two images are shown in Figs. 2͑b͒ and 2͑c͒ . It can be clearly seen from Fig. 2͑b͒ that the lattice is perfect without any defect, while in Fig. 2͑c͒ , many defects, such as stacking faults, can be seen. Because boron is prone to incorporate impurity elements and to form boron-rich compounds with other elements, it is not safe to say that these crystalline nanowires are purely boron nanowires. In order to prove that the crystalline boron nanowires are boron nanowires, SAED studies were carried out. The SAED studies showed that most of the crystalline boron nanowires can produce the same diffraction pattern ͑three-index zone-axis: ͓1 7 2͔; four-index zone-axis: ͓3 5 2 2͔) as shown in Fig. 2͑d͒ . The diffraction pattern can be indexed according to the rhombohedral unit cell ͑␤-boron, space group R 3 m) of one boron polymorphism with lattice parameters of aϭ10.95 Å and cϭ23.82 Å. The SAED pattern is consistent with the HRTEM results, considering the planar spacings and angles between planes. Boron has the most varied polymorphism. The reason that the crystalline boron nanowires are prone to form a rhombohedral structure needs to be studied further. It should be noted that there are parallel streaks between spots in the diffraction pattern. They are caused by defects such as stacking faults in the boron nanowire, consistent with the results of HRTEM images ͓Fig. 2͑c͔͒.
In order to clarify the chemical composition of the boron nanowires, parallel EELS studies were carried out. Figure  3͑a͒ shows an EELS spectrum from a single amorphous boron nanowire. The EELS spectrum from a single crystalline boron nanowire is shown in Fig. 3͑b͒ , revealing the characteristic boron K-shell ionization edge (ϳ188 eV). Careful examination of the EELS spectrum shows that there also is a small peak at 532 eV, which corresponds to the K-shell excitation of oxygen. The magnified oxygen peak is shown in the inset of the Fig. 3͑b͒ . This demonstrates that there is a small amount of oxygen in the crystalline boron nanowire, similar to the result for amorphous boron nanowire ͓see inset in Fig. 3͑a͔͒ . Comparing Fig. 3͑b͒ with Fig. 3͑a͒ , it can be found that there is a big difference between the fine structures of the boron peaks. The electronic-structure studies of the amorphous boron nanowire and crystalline one will be presented elsewhere. The elemental mapping studies of boron and oxygen in a single crystalline boron nanowire indicated that the boron is distributed mainly in the core, while oxygen is located mainly in the outer layer.
It is very interesting that the amorphous boron nanowires can be transformed into crystalline beta-boron nanowires at 1050°C, which is much lower than the melting point (ϳ2100°C) of bulk boron. The nucleation and growth mechanism of the crystalline boron nanowires needs to be studied further.
In conclusion, we have produced the crystalline boron nanowires through post-annealing amorphous boron nanowires synthesized by magnetron sputtering. The crystalline boron nanowires are 15-60 nm in diameter. The SAED studies of the crystalline boron nanowire show that it belongs to the rhombohedral structure ͑␤-boron͒ with lattice parameters of aϭ10.95 Å and cϭ23.82 Å. HRTEM studies show that there are some defects, such as stacking faults, in the crystalline boron nanowires. EELS result confirms the crystalline boron nanowires are purely of boron.
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